The prevalence of spermatogenic failure (SF) has gradually increased during the past few decades at least in several countries. Although multiple factors would be involved in this phenomenon, one important factor would be excessive estrogen effects via estrogen receptors (ERs). Thus, we performed haplotype analysis of ESR2 encoding ERb in 125 Japanese SF patients and 119 age-matched control males, using single nucleotide polymorphisms (SNPs) 1-9 that are widely distributed on the B120-kb genomic sequence of ESR2. Consequently, a linkage disequilibrium (LD) block was detected in an B60-kb region encompassing SNPs 2-7 in both groups, and four major estimated haplotypes were identified within the LD block. Furthermore, the most prevalent 'TGTAGA' haplotype was found to be significantly associated with SF, with the P-value obtained by the CochranArmitage trend test (0.0029) being lower than that obtained by a 100 000-times permutation test (0.0038) to cope with the problem of multiple comparisons. The results, in conjunction with our previous data indicating lack of a susceptibility factor on ESR1 encoding ERa, imply that the specific 'TGTAGA' haplotype of ESR2 raises the susceptibility to the development of SF.
INTRODUCTION
Recent studies have indicated a gradual increase in the prevalence of male genial and reproductive abnormalities during the past few decades at least in several countries. 1 Skakkebaek et al. 2 have coined a term 'testicular dysgenesis syndrome' for this phenomenon. As such deterioration of male genital and reproductive health is also observed in many wildlife species, 1,3 it is likely that such adverse changes in males are inter-related events shared in common by the human and the wildlife species. 1, 3 In this regard, environmental endocrine disruptors (EEDs) appear to constitute the major factor for this phenomenon, because EEDs are widely spread in the world. 1, 3 In particular, exposure to estrogenic EEDs are known to affect male genital and reproductive health. 1, [3] [4] [5] The effects of EEDs would primarily be determined by the genetic susceptibility, together with the dosage of exposed EEDs, character of exposed EEDs (for example, estrogenic, anti-androgenic and so on), and the developmental stage of the individuals at the time of EED exposure. 1, 3 In this regard, it is known that estrogenic EEDs can bind to both estrogen receptor (ER)a encoded by ESR1 and ERb encoded by ESR2 with low but variable degrees of affinities. 3 Thus, it is likely that genetic susceptibility to estrogenic EEDs is primarily constituted by genetic variations in ESR1 and ESR2. 1, 3 To examine this possibility, we have previously performed haplotype analysis of ESR1 in Japanese male patients with genial and reproductive abnormalities as well as in control males, using 15 single nucleotide polymorphisms (SNPs 1-15) that are widely distributed throughout the 4300-kb genomic sequence of ESR1. 6, 7 Consequently, we identified an B50-kb linkage disequilibrium (LD) block spanning SNPs 10-14 in the 3 0 region of ESR1, and found that homozygosity of a specific 'AGATA' haplotype within the LD block was strongly associated with cryptorchidism (P ¼ 0.0040; odds ratio (OR) ¼ 7.55) and hypospadias (P ¼ 0.000057; OR ¼ 13.75) 6, 7 (and our unpublished updated observation). This finding provides strong evidence that homozygosity of the specific ESR1 haplotype raises the susceptibility to the development of male genital abnormalities. In this context, we speculate that this effect via the specific ESR1 haplotype is mediated by EEDs, although there is no direct evidence yet. Indeed, as ESR1 is expressed in Leydig cells producing testosterone and insulin-like 3, 5, 8 it is likely that the specific ESR1 haplotype primarily enhances estrogenic effects in Leydig cells, compromising their hormonal production capacity.
However, no significant association was found between the specific 'AGATA' haplotype of ESR1 and spermatogenic failure (SF). 7 In this context, as ESR2 is clearly expressed in various developmental stages of male germ cells, 5 it may be possible that the deleterious effects of estrogenic EEDs on spermatogenesis may primarily be mediated by ERb. Thus, we carried out haplotype analysis of ESR2 in Japanese patients with SF.
MATERIALS AND METHODS Subjects
We studied 125 SF patients aged 32-52 years (median 41.0 years), including 80 SF patients utilized in the previous ESR1 haplotype analysis. 7 The selection criteria included: (1) azoospermia or severe oligozoospermia (o5 million sperms per ml) demonstrated by two consecutive analyses of semen obtained after 4-7 days of abstinence; (2) lack of extragenital anomalies such as cryptorchidism and hypospadias; (3) hypergonadotropic hypogonadism indicative of primary testicular dysfunction; (4) no seminal tract obstruction, varicocele, or retrograde ejaculation; (5) a 46,XY karyotype with no demonstrable structural or numerical abnormality after examining X30 lymphocytes; (6) absence of a Y chromosomal microdeletion after examining 36 loci from SRY to DYZ1, including multiple Yq loci in the azoospermia factor regions (AZFa, b, c) such as RBMY and DAZ; 9 (7) no significant expansion of CAG repeat length at exon 1 of AR that is known to raise the susceptibility to male reproductive abnormalities; 10 and (8) lack of a disease episode that could affect fertility such as mumps orchiditis. For controls, 119 control adult males with proven fertility aged 24-50 years (median 35.5 year) were similarly analyzed with permission. The ages were similar between the SF patients and control males (Mann-Whitney's U-test). All the SF patients and control males were Japanese living in the Tokyo urban area; they were free from particular residential environments such as the vicinity of chemical factories or farms, from specific dietary habits deviated to vegetables or animal/fish proteins, and from intake of drugs with hormonal effects.
SNP analysis
This study was approved by the Institutional Review Board Committees of the authors, and informed consent was obtained from each subject. We examined nine SNPs (SNPs 1-9) that were associated with high minor allele frequencies in the Japanese population (20.3-39.5%) (the NCBI Short Genetic Variations Database (dbSNP); http://www.ncbi.nlm.nih.gov/snp/) and were widely distributed on the B120-kb ESR2 genomic DNA sequence including an apparent LD block encompassing exons 1-6 identified in various populations (the International HapMap Project Database; http://hapmap.ncbi.nlm.nih.gov/) ( Figure 1a ). Genotyping was performed by the 5 0 nuclease assay on an ABI PRISM 7000 Sequence Detection System (Life Technologies, Carlsbad, CA, USA), 11 using leukocyte genomic DNA of each subject.
Pearson's w 2 -test with one degree of freedom was applied to test whether the genotyping data are in the Hardy-Weinberg equilibrium. Statistical significance of the differences in allele and genotype frequencies was analyzed by Pearson's w 2 -test, using R environment for statistical computing (http://www.rproject.org/).
Haplotype analysis
Although haplotypes are usually not observed, the haplotypes present in a subject and the frequencies of the haplotypes in a population can be inferred using genotype data at separate loci. 12 In this regard, the degree of LD can be expressed as the pairwise |D 0 | value (the absolute value for the disequilibrium parameter) that ranges from 0 (complete absence of LD) to 1.0 (complete presence of LD), 13 and a chromosomal region associated with high |D 0 | values between different loci is defined as a haplotype or an LD block. 14 In this study, haplotype inference was performed by the maximum-likelihood method using expectation maximization algorithm implemented in the software LDSUP-PORT. 15, 16 The pairwise |D 0 | values were estimated by the method of Terwilliger and Ott, 12 and a haplotype block was determined by the method of Zhu et al. 17 using the software developed by Kamatani et al. 18 The difference in the frequencies of haplotypes between the SF patients and the control males was examined using the estimated population haplotype frequencies by Pearson's w 2 -test, and the OR and the 95% confidence interval (CI) were calculated using the R environment. The association between SF phenotype and estimated haplotypes was tested using PENHAPLO software in a dominant mode (comparison of the frequencies of subjects with one risk haplotype between cases and controls) and in a recessive mode (comparison of the frequencies of subjects with two risk haplotypes between cases and controls). 19 Furthermore, the association between SF phenotype and estimated haplotypes was also examined in a dosage-dependent mode (comparison of the frequencies of subjects with zero, one, and two risk haplotypes between cases and controls) by the Cochran-Armitage trend test, 20,21 using the R environment. To cope with the problem of multiple comparisons, the significant level was determined by a 100 000-times permutation test. 22 
RESULTS

SNP analysis
The results of SNP analysis are summarized in Table 1 . Minor allele frequencies of the 9 SNPs were 20.4-46.8% in the SF patients and 27.7-37.3% in control males. The genotype frequencies of SNPs 1-9 were in accord with the Hardy-Weinberg equilibrium. Low P-values (o0.05) were identified for the differences in the allele and genotype frequencies of SNPs 1, 4, and 5, with stronger association being identified for the ESR2 haplotype analysis in spermatogenic failure T Ogata et al allele rather than the genotype frequencies. In particular, the P-values for allele frequencies of SNPs 4 and 5 were markedly low.
Haplotype analysis
The LD map is shown in Figure 1b , and the results of haplotype analysis are summarized in Table 2 . An B60-kb LD block spanning SNPs 2-7 was identified in both the SF patients and control males, with the |D 0 | value being 40.9 for all the pairs of SNPs 2-7. Within the LD block, four major estimated haplotypes were identified, together with three additional minor haplotypes ('CGTAGA' haplotype in a single control male, and 'TATAGA' and 'CGCGGA' haplotypes in single SF patients). Notably, the frequency of the most prevalent 'TGTAGA' haplotype was significantly higher in the SF patients than in the control males. Furthermore, the 'TGTAGA' haplotype was significantly associated with SF phenotype, with the P-value obtained by the Cochran-Armitage trend test (0.0029) being lower than the permutation P-value (0.0038). In addition, of the four major haplotypes, the 'TGTAGA' haplotype alone contained the 'T' allele in SNP 4 and the 'A' allele in SNP 5, whereas these two alleles were also identified in two of the three minor haplotypes.
DISCUSSION
The present study revealed the presence of an B60-kb LD block encompassing SNPs 2-7 of ESR2 in both the SF patients and control males. In this regard, the allele frequencies obtained in the control males are comparable to those registered in the JSNP Database, and the LD block identified in this study is similar to that reported in the International HapMap Project. These findings argue for the accuracy of our data.
Of the four major estimated haplotypes within the LD block, the 'TGTAGA' haplotype was significantly associated with SF. Indeed, the P-value obtained by the Cochran-Armitage trend test was below the permutation P-value. Furthermore, comparison of the P-values obtained from the three types of analyses for the association between SF phenotype and estimated haplotypes implies that the specific 'TGTAGA' haplotype compromises spermatogenesis in a dosagedependent manner rather than in a simple dominant or recessive manner. In this regard, as the 'T' allele of SNP 4 and the 'A' allele of SNP 5 are almost exclusively present in the 'TGTAGA' haplotype, genotyping of SNPs 4 and 5 can be utilized for the screening of the 'TGTAGA' haplotype.
For ESR2, previous studies have suggested an association between SF and an RsaI SNP on exon 5 that does not result in amino acid change (SNP 6 in this study) in Scandinavian and Iranian populations (P-value: 0.01 and 0.012, respectively). 23, 24 In such studies, as the frequency of AG genotype relative to GG genotype was higher in SF patients than in control males (AA genotype was extremely rare), this would imply that the 'A' allele of SNP 6 is regarded as a marker for a hidden true susceptibility factor(s) that is probably in an LD status with the 'A' allele of SNP 6. By contrast, the present study showed no association of SF with SNP 6 and rather suggests a dosage effect of the specific haplotype harboring the 'G' allele of SNP 6. Thus, the present data are apparently inconsistent with the previous studies. It might be possible, however, that the true susceptibility factor(s) is linked with the specific 'TGTAGA' haplotype in the Japanese population and resides on a different pattern of haplotype carrying the 'A' allele of SNP 6 in Scandinavian and Iranian populations, because of a recombination between the true susceptibility factor(s) and SNP 6 in either of the ethnic groups. In addition, there might be population- ESR2 haplotype analysis in spermatogenic failure T Ogata et al specific susceptibility factors, and false positive results might be obtained in association studies with multiple comparisons. This matter awaits further studies. One may argue that although the present study indicates an association of the specific ESR2 haplotype with SF, there is no direct evidence for estrogenic EEDs being involved in the development of SF. Indeed, it may be possible that an interaction between the specific ESR2 haplotype and endogenous estrogens rather than estrogenic EEDs actually underlie the development of SF. However, estrogenic effects of EEDs are known to be primarily mediated by ER. 1, 3 In addition, as all the SF patients and the control males examined in this study were apparently free from high exposure to EEDs, the amount of exposed EEDs would be similar between the two groups of subjects. Thus, although further studies such as the investigation of subjects with a high risk of EEDs exposure (for example, workers at chemical factories) are necessary, our results would suggest that the specific ESR2 haplotype constitutes a susceptibility factor for the development of SF in response to estrogenic EEDs in males who live in an ordinary condition with no high risk of EEDs exposure.
Several points should be made with respect to the present study. First, the number of subjects analyzed remains rather small. Second, the true susceptibility factor(s) on the specific haplotype remains to be identified, although the specific 'TGTAGA' haplotype would facilitate the development of SF by enhancing the ERb signaling. Third, it remains possible that another susceptibility factor(s) is present on ESR2. In particular, as only a few of SNPs were examined in non-LD block regions, a different susceptibility factor(s) may be present on the non-LD block regions of ESR2. Fourth, several patients may have some unidentified pathologic cause(s) for SF such as single gene disorders. Fifth, there may be some unknown minor genetic and environmental differences between the patients and the control males. In this context, as SF becomes discernible in adulthood, such minor differences, if they exist, may exert unfavorable influences on spermatogenic function for a long time, leading to SF. This may explain why the OR obtained in this study remained low, in contrast to the high ORs identified in cryptorchidism (7.55) and hypospadias (13.75) 6, 7 (and our unpublished updated observation) which develop during the fetal life. Sixth, although it is known that EEDs also exert anti-androgenic effects and influence aromatization, 25, 26 these have not been examined in this study. Lastly, it remains to be determined whether similar results can be reproduced in other case-control studies.
Despite the above caveats, this study provides a useful clue to clarify the genetic susceptibility to estrogenic EEDs. In summary, we propose that the specific ESR2 haplotype raises the susceptibility to the development of SF in response to estrogenic EEDs. Further studies including similar haplotype analyses in different ethnic groups from both developed and developing countries will serve to clarify the relative importance of the dosage of exposed EEDs and the genetic heterogeneity obtained in the process of natural human selection, in the presumably EEDs-related phenomenon such as SF.
